A study has been carried out on the occurrence of bottom side equatorial spread F (ESF) and its dependence on the polarity and magnitude of the thermospheric meridional wind just prior to ESF occurrence during summer, winter and equinox seasons of solar maximum (2002) and minimum years (1995), using ionosonde data of Trivandrum (8.5 • N, 76.5 • E, dip=0.5 • N) and SHAR (13.7 • N, 80.2 • E, dip ∼5.5 • N) in the Indian longitude sector. In this study, we have examined the changes in the threshold height of the base of the F layer for the triggering of ESF, irrespective of the magnitude and polarity of the meridional winds during the above periods. The study indicates that the threshold height above which ESF triggering is entirely controlled only by the collisional R-T instability is least for summer months, with higher values for winter and equinox, during the solar minimum period, whereas for the solar maximum period the threshold height is least for winter, with higher values for summer and equinox. But the range over which the threshold height varies is very narrow (<15 km) for solar minimum in relation to the large range of variation (>50 km) in the solar maximum epoch. Further to this, the study also reveals a clear-cut increase in threshold height with solar activity for all seasons. Clear-cut seasonal variability is also observed in the threshold height, especially for solar maximum. The study quantifies the level of the base of the F layer below which neutral dynamical effects play a decisive role in the triggering of ESF during different seasons and solar epochs.
Introduction
Equatorial Spread F (ESF) irregularities are night-time plasma density irregularities of scale sizes ranging from centimetres to several hundred kilometres (Farley et al., 1970; Ossakow, 1981; Woodman and La Hoz, 1976; Fejer and Kelly, 1980; Abdu et al., 1981; Fejer et al., 1999, Hysell and Burcham, 2000) . The primary process responsible for the generation of these irregularities is the Collisional Raleigh-Taylor (CRT) instability mechanism operating in the post sunset bottom side F region (Haerendel, 1974; Costa and Kelley, 1978) . Equatorial spread F occurrence shows large day-to-day, seasonal, longitude, solar cycle, and magnetic activity variabilities (Chandra and Rastogi, 1970; Kelley and McClure, 1981; Abdu et al., 1981 , Huang et al., 1987 Sahai et al., 2000 , Abdu, 2001 ,Tsunoda, 1985 . The effects of meridional winds, which move plasma along field lines both vertically and horizontally, have been examined by some workers (Maruyama and Matuura, 1984; Maruyama, 1988) . Studies on the role of seed perturbations in the generation of F region irregularities have been reported by Whitehead (1971) and Fejer et al. (1999) . One of the important factors that could contribute to the ESF day-to-day variability is the thermospheric meridional/transequatorial wind that would cause an asymmetry in the equatorial anomaly, increase the E region conductivity and load the F region dynamo, thus limiting the post sunset F region height rise. The increased ion-neutral collision frequency (ν in ) at lower heights causes reduction in the linear growth rate of the R-T mechanism responsible for the generation of ESF irregularities (Maruyama, 1988; Mendillo, 1992) . Devasia et al. (2002) showed that converging/diverging thermospheric meridional winds become significant with the equatorward wind being present when h ′ F was below a threshold height (h ′ F c ), for the R-T instability to become triggered. Above the critical height the polarity did not matter. This threshold height of h ′ F (defined by them) has been found to be ∼300 km for the occurrence of ESF during equinoctial periods and showed a linear solar activity dependence (Devasia et al., 2002; Jyoti et al., 2004) . Raghavarao et al. (1993) conjectured that such equatorward winds could be produced as a result of the pressure bulges associated with Equatorial Temperature and Wind Anomaly (ETWA). The present study aims at examining the seasonal variation of h ′ F c during solar minimum and maximum epochs with a view to unravel the enigmatic day-to-day variability of the ESF occurrence during a particular season.
Experimental set up and data and method of analysis
Ionosonde data, of Trivandrum (8.5 • N, 76.5 • E, dip latitude 0.5 • N) and SHAR (13.7 • N, 80.2 • E, dip latitude 5.5 • N) in the Indian longitude sector, have been made use of in this study. Data corresponding to the ESF occurrence in the summer, winter and equinox seasons of 1995 (solar minimum) and 2002 (solar maximum) have been examined. The h ′ F and meridional wind values just prior to the triggering of ESF are obtained for each day during these seasons. The method given by Krishna Murthy et al. (1990) is used for estimating the meridional winds. In this method, the vertical drift of the evening F layer is estimated for the two stations (Trivandrum and SHAR), accounting for the effects due to recombination and diffusion. The F-region vertical drift at the magnetic equator over Trivandrum is purely electrodynamical in nature while that at a low-latitude station, like SHAR, has a contribution from the meridional winds (U) in addition to diffusion along the magnetic field lines. The observed vertical drift velocities (V o ) are initially derived from the rate of change of h ′ F (d(h ′ F )/dt). The true vertical drift is obtained from V d =V o −βH, where β is the effective recombination coefficient and H is the scale height given by H=(1/N dN/dh) −1 . N is the electron density and βH is the correction due to recombination.
The actual meridional wind for the period 18:00-06:00 h is estimated from the equations for the vertical drift at the two stations as:
where V D is the vertical drift over Trivandrum and V that over SHAR. I is the dip angle at SHAR and W D the plasma drift velocity due to plasma diffusion and is given by g/ν in , where g is the acceleration due to gravity and ν in is the ion-neutral collision frequency. The error in the meridional wind estimation using this method is estimated to be about ±25 ms −1 (Krishna Murthy et al., 1990) . The meridional wind velocities corresponding to the post-sunset F-region heights (h ′ F at Trivandrum), just before the onset of each of the ESF events, have been obtained for the different seasons corresponding to the solar minimum and maximum periods considered for the present study. Only those events for which ESF is triggered before 20:00 IST are considered for this study. As mentioned earlier, the criterion of ESF occurrence irrespective of the polarity of meridional winds is applied to h ′ F to determine the threshold height h ′ F c below which equatorward wind is essential for the triggering of ESF (Devasia et al., 2002; Jyoti et al., 2004) . Figure 1a shows the scatter plot of the meridional wind velocities against h ′ F values of each of the ESF events during the summer solstice of solar minimum (left panel) and solar maximum (right panel) periods. It may be noted that the wind magnitudes show large variabilities during the solar maximum period in comparison to the solar minimum period and the h ′ F values also show large variability (250-375 km), unlike those during the solar minimum period where they are limited to a narrow range of 225-250 km. The threshold height level is indicated in all the scatter plots by the dashed lines. It should be noted that the h ′ F c could be unambiguously determined for the solar maximum summer months while for other cases only the upper limit of h ′ F c could be identified. It is clearly seen that the threshold height for the summer solstice increases from 228 km at solar minimum to 314 km at solar maximum. Figure 1b depicts the scatter plot of the meridional wind vs. h ′ F at 19:00 IST on the non-spread F days (for which data were available) during the summer of solar maximum. It is seen that out of the 7 days, for four of the days, the meridional wind is clearly poleward, as expected when the h ′ F is below the threshold level. For the other three days, the meridional wind is equatorward. On one of these three days the h ′ F is just above the threshold making it an exception. It is likely that the seed perturbations which are assumed to be omnipresent might not be of sufficient amplitude for an ESF occurrence on that day. For the other two days, the h ′ F is clearly below the threshold level and the wind is equatorward. Again, the lesser magnitude of the seed perturbations is believed to be the reason for the non-occurrence of ESF on these two days. Figure 2 shows the scatter plot of the meridional wind velocities and h ′ F values for winter solstice of solar minimum (left panel) and solar maximum (right panel). The variabilities in h ′ F during winter solstice periods are very large in comparison to those observed in summer of both solar minimum and maximum epochs. Another important observation during solar maximum is that meridional winds during the winter solstice period are in general poleward, whereas during summer solstice they are predominantly equatorward. In general, these patterns are expected to be so, based on the sub-solar points for thermospheric heating, for the different seasons. But the ETWA-related meridional winds, which follow the day-to-day variability of the EIA, modulate the inter-hemispheric winds and thereby result in higher or lower values of meridional winds either poleward or equatorward (depending on the magnitude and direction of the ETWA related winds). For the winter solstice, the upper bound (Jyoti et al., 2004) of the threshold height could only be delineated and it was found to increase from 240 km at solar minimum to 264 km at solar maximum. It is seen that the threshold height shows an increase with solar activity for winter solstice similar to the summer solstice, but to a significantly lesser extent. Figure 3 depicts the scatter plot of the meridional wind velocities and h ′ F values for equinox of solar minimum (left panel) and solar maximum (right panel). As is seen from the figure for solar minimum, the upper bound of the threshold height could only be identified with the available database. Nevertheless, the increase in the threshold height from 243 km (upper bound) at solar minimum to 305 km at solar maximum is clearly discernible. Interestingly, the meridional wind values, during the equinox of solar maximum, reveal an almost equal distribution of values in the poleward and equatorward directions, indicating a clear-cut transition from the summer to the winter pattern. Figure 4 (dashed curve) shows the seasonal variation in the threshold height for the solar minimum epoch, essentially redrawn from the earlier figure showing the nature of the variation starting from the summer solstice to the equinox and then to the winter solstice. The threshold height is 228 km for summer, while the upper bounds are 243 km and 240 km for the equinox and winter, respectively. It shows a fairly smooth variation over a span of 15 km. This result suggests nearly the same probability of occurrence of ESF throughout the solar minimum period, as the threshold height is seen to be confined to 228-243 km. Unlike this, the seasonal variation of the threshold height during the solar maximum period is quite significant. The threshold height (for solar maximum) is found to be 264 km (upper bound) for winter, with increased values of 305 km and 314 km for the equinox and summer, respectively.
Results
It is accepted that the phenomenon of ESF is a result of a hierarchy of multistep, nonlocal plasma processes involving the collisional and collision-less Rayleigh-Taylor and E×B instabilities and drift waves driven by coupled electrodynamic and neutral atmospheric processes (Haerendel, 1973; Ossakow, 1981; Zalesak et al., 1982; Sekar and Kelley, 1998; Basu and Coppi, 1999) . However, the primary process responsible for the generation of large-scale ESF irregularities is the collisional Rayleigh-Taylor (CRT) instability mechanism, which operates in the post-sunset bottomside F region under certain favourable conditions. When the conditions are not favourable for the instability to trigger ESF, factors like neutral winds could also contribute to it. With the delineation of a seasonally varying threshold height for triggering of ESF irrespective of the magnitude and polarity of the meridional winds, which at the point of convergence (i.e. over the dip equator) manifest as vertically downward winds, the triggering of an ESF on a particular day (when the F layer is at or above the threshold height) can be entirely attributed to the collisional Rayleigh-Taylor (CRT) instability mechanism.
The expression for the growth rate of the generalized R-T instability in terms of different forcing parameters is given as (Sekar and Raghavarao, 1987; Kelly, 1989) 
where E x is the zonal electric field, B is the geomagnetic field, ν in is the ion-neutral collision frequency, i is the gyrofrequency, W x and W z are the zonal and vertical winds, respectively. The role of the electric fields and zonal winds is twofold; they dictate the level of h ′ F where the gravity would be the dominant driving force in the presence of a steep bottom side gradient and they also contribute to the growth of the instability through Eq. (2), the latter being only secondary. On the other hand, the role of a vertically downward wind would be equivalent to the primary driving force viz. gravity, in generating the polarization field. Sekar and Raghavarao (1987) have made a comparative estimate of the effect of vertical winds and gravity and arrived at a conclusion that at ∼300 km a vertical wind magnitude of 20 ms −1 would be as effective as gravity itself. The crux of the matter, in the present paper, is that above the newlydefined threshold height (h ′ F c ), the growth rate is mainly controlled by ν in and L while E x and W x could be modulating factors.
Discussion
The above characteristics related to the variations of the critical height, seem to originate from the linkage between the Equatorial ionisation anomaly (EIA) and ESF, providing an implicit control of the meridional wind on ESF. Maruyamma and Matuura (1984) suggested a mechanism wherein strong meridional winds create a N-S asymmetry in the EIA, thus producing substantial changes in E-region integrated conductivities, which, in turn, control the post-sunset F-region height rise and the triggering of ESF. Raghavarao et al. (1988) experimentally showed the intensification of the crest-to-trough ratio of the EIA well in advance of the onset of ESF linking the EIA and the ESF. Following this, Sridharan et al. (1994) demonstrated the existence of a precursor in the OI 630 nm day glow that represented the EIA strength which facilitated the prediction of ESF at least 2 h prior to its actual occurrence. Further, Lee et al. (2005) have shown the linkage of seasonal ESF variability with EIA asymmetry. Devasia et al. (2002) have shown meridional winds to be the physical parameter connecting EIA and ESF. They suggested that the meridional winds were the outcome of the pressure bulges associated with ETWA (Raghavarao et al., 1993) . Jyoti et al. (2004) brought out the dependence of the threshold height h ′ F c , on solar activity for the equinox. In the present study, the seasonal variation in the threshold height for the triggering of ESF has been examined, corresponding to the solar minimum and maximum phases. Three distinct seasons have brought out the representative characteristics of meridional winds in association with the ESF events.
The increased threshold height at solar maximum for all three seasons is possibly due to the increase in ion-neutral collision frequencies as a consequence of the increased concentration of neutrals at a given altitude. During periods of high solar activity, the scale height (H) of the neutrals in the F region changes significantly due to the increase in temperature (H=RT/Mg), where R is the gas constant, T is the temperature in • K, M is the molecular mass and g the acceleration due to gravity. The increase in H with increasing solar activity results in a swelling of the thermospheric neutral densities (Fuller-Rowell et al., 1996) . As a result the ionneutral collision frequencies would increase. This, in turn, would result in a reduced growth rate of the RT instability (Eq. 2) for a given altitude at solar maximum in comparison to that at solar minimum. Therefore the optimum growth rate, which results in ESF triggering, will be achieved only at a higher altitude in solar maximum.
There is a clear-cut seasonal variation in threshold height (h ′ F c ) for the solar maximum epoch, with h ′ F c being the highest for summer (314 km) and reducing towards equinox (305 km) and winter (264 km). In solar minimum the seasonal variation of h ′ F c is over a narrow range of ∼15 km, with the minimum occurring during summer. As already mentioned, h ′ F c , being the F-region base height, above which the RT instability alone suffices for the triggering of ESF, shows sesonal variabilities, most likely caused by the parameters controlling the primary RT instability generation (1st term, Eq. 2) the combined effects of the seasonal variabilities in the gradient scale length (L) and ion-neutral collision frequency (ν in ) would modulate the growth rate of the RT instability seasonally. This would manifest as changes in the h ′ F c level in such a way that the optimum growth rate of the RT instability is attained for different seasons. In this context, it is to be noted that the comparable values of h ′ F c during different seasons of solar minimum indicates nearly the same probability of occurrence of ESF when the base of the F-region is above the threshold level.
Another aspect of interest is that during solar maximum, the threshold height is minimum for winter in relation to the other two seasons, i.e. in winter (of solar maximum), the meridional winds have a role in ESF triggering only when the base of the F layer is below 264 km while for the other seasons, winds play a role when the base of the F layer is below 305 km (for equinox) and 314 km (for summer), respectively. This could as well be due to the seasonal variation of thermospheric temperatures and the associated enhancement of ion-neutral collision frequency, as in the case of the solar activity dependence. In the case of solar minimum the threshold height is minimum for summer in relation to the other two seasons, though the differences are only very marginal.
Thus, the minimum value of the threshold height undergoes significant changes from winter in solar maximum to summer in solar minimum, highlighting the complexities in the thermosphere-ionosphere system.
In the whole study, one of the important factors with regard to the RT instability, namely the seed perturbations, has been assumed to be omnipresent, which need not necessarily be true. It is generally believed that gravity waves, either in-situ generated or propagated from a different source region, could be the seed. Though the atmosphere sustains/supports gravity wave activity, they are bound to have their own characteristics and also forced variability. These would definitely modulate the triggering and evolution of the phenomenon. Though our comprehension on the background ionospheric and thermospheric conditions has significantly increased, there is a large gap with regard to the seed perturbations. The consistency of the results, with the assumption that the seed perturbations are always present appears to vindicate such an assumption. However, when we investigate on a case-by-case basis, unless the seed perturbations are also quantified, all the observations may not be explained. Concerted efforts have to be made in the future to address this problem.
Conclusions
The important conclusions of the present study are:
1. During solar minimum, the threshold height (h ′ F c ), above which ESF triggering is entirely controlled by the collisional R-T instability is least for summer, with relatively higher but comparable heights during for winter and autumnal equinox seasons. The range of seasonal variability of h ′ F c is rather small.
2. During solar maximum, the above threshold height is least for winter, with higher heights for summer and autumnal equinox seasons. The range of variability is rather large compared to solar minimum epoch.
3. Increase in threshold height with solar activity for all seasons is attributed to the increase in ν in , that would result in a reduced growth rate of the RT instability for a given altitude at solar maximum in comparison to that at solar minimum.
